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Abstract

 

We have analysed the surface antigen phenotype of a human embryonic stem (hES) cell line (H7) and the changes

that occur upon differentiation induced by retinoic acid, hexamethylene bisacetamide and dimethylsulphoxide.

The undifferentiated stem cells expressed Stage Specific Embryonic Antigen-3 (SSEA3), SSEA4, TRA-1-60, and TRA-

1-8 but not SSEA1. In these characteristics they closely resemble human embryonal carcinoma (EC) cells derived

from testicular teratocarcinomas, and are distinct from murine EC and ES cells. The undifferentiated cells also

expressed the liver/bone/kidney isozyme of alkaline phosphatase detected by antibody TRA-2-54, the class 1 major

histocompatability antigens, HLA-ABC, and the human Thy1 antigen. Differentiation of hES cells was induced by

retinoic acid, HMBA and DMSO with the appearance of various cell types including neurons and muscle cells. The

surface antigens characteristically expressed by hES cells were down-regulated following induction of differentia-

tion and other antigens appeared, notably several ganglioside glycolipids detected by antibodies VIN-IS-56 (GD3

and GD2), VIN-2PB-22 (GD2), A2B5 (GT3) and ME311 (9-O-acetyl-GD3). Whereas the expression of HLA was slightly

down-regulated upon differentiation, its expression was strongly induced by interferon-

 

γ

 

 in both the undifferen-

tiated and the differentiated cells, although the induction in the differentiated cultures was considerably stronger

than in the stem cells. In all of these features the human ES cells, and their pattern of differentiation, resembled

the pluripotent human EC cell line NTERA-2 although clearly the range of cells generated by the hES cells was con-

siderably greater.
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Introduction

 

EC cells are the malignant stem cells of teratocar-

cinomas, a subset of germ cell tumours that may contain

many embryonic and extra-embryonic tissues, and

apparently recapitulate many aspects of cell differenti-

ation that occur during normal embryogenesis, albeit

in a disorganized manner. Both spontaneous and

experimentally induced teratocarcinomas occur in the

laboratory mouse (Solter & Damjanov, 1979). By now it

is well documented that murine EC cells isolated from

such teratocarcinomas closely resemble cells of the

inner cell mass from the blastocyst stage of the early

mouse embryo, and embryonic stem (ES) cells cultured

directly from explanted blastocysts (Martin, 1980). For

example, when mouse EC and ES cells are placed into a

blastocyst they can participate in embryonic develop-

ment, and contribute to normal tissues in the resulting

chimeric embryo (Brinster, 1974; Papaioannou et al.

1975). ES cells form chimeras much more efficiently

than EC cells, but this may well reflect the accumulation

of genetic and epigenetic changes that occur in EC cells

as they adapt to efficient tumour growth.
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Until the recent derivation of human ES cell lines,

human EC cell lines provided the best model for study-

ing cell differentiation pertinent to human embryonic

development (Andrews, 1998). For example, the human

teratocarcinoma-derived cell line NTERA2 is composed

of pluripotent EC cells that differentiate in response to

retinoic acid, yielding a variety of cell types including

functional, post-mitotic neurons (Andrews et al. 1984b;

Andrews, 1984; Rendt et al. 1989; Pleasure et al. 1992;

Squires et al. 1996). This differentiation is characterized

by marked changes in gene expression (Ackerman et al.

1994) but most notably by the activation of HOX genes

in a retinoic acid concentration-dependent manner

(Simeone et al. 1990). However, changes in the expres-

sion of cell surface antigens provide a particularly

powerful means of monitoring differentiation, not only

because antigen expression can be readily assessed on

single cells in complex differentiating populations, but

because subsets of viable cells corresponding to differ-

ent stages of differentiation, or different lineages, can

be isolated in order to analyse their individual proper-

ties and capacity for further differentiation (Fenderson

et al. 1987).

Human EC cells, like NTERA2, are characterized by

expression of the globoseries glycolipid antigens SSEA3

and SSEA4, and by a lack expression of a lactoseries

oligosaccharide antigen, SSEA1 (Andrews et al. 1982,

1984b, 1996). They also express the keratan sulphate-

related antigens, TRA-1-60 and TRA-1-81 (Andrews et al.

1984a; Badcock et al. 1999) and the tissue non-specific

alkaline phosphatase-related antigens TRA-2-49 and

TRA-2-54 (Andrews et al. 1984c). Differentiation induced

by retinoic acid is marked by the down-regulation of all

of these antigens, and by the appearance of other

antigens including SSEA1 and several ganglioseries

glycolipid antigens, which segregate on different subsets

of cells (Fenderson et al. 1987). If differentiation is

induced by another agent, hexamethylene bisacetamide

(HMBA), the EC-specific antigens are similarly down-

regulated, but the antigens induced by retinoic acid do

not appear, consistent with the notion that retinoic

acid and HMBA induce differentiation along distinct

lineages (Andrews et al. 1990).

The recent derivation of ES cell lines from human

embryos (Thomson et al. 1998; Reubinoff et al. 2000)

now provides additional tools for investigating the

molecular processes that guide human development

and the causes of infertility and birth defects when

these mechanisms operate incorrectly. Further, human

ES cells could provide a potential source of ‘normal’

differentiated cell types for transplantation therapies

and drug discovery.

Initial studies have confirmed the anticipated similar-

ities between human ES and EC cells, and significant

differences in antigen expression and other properties

between human ES and EC cells and their murine coun-

terparts (Andrews, 1998). We have now examined

the changes in surface antigen expression that occur

during the differentiation of human ES cells induced

by retinoic acid, HMBA or DMSO, or by culture in

the absence of feeders. As anticipated, a number of

changes that occur during EC cell differentiation, not-

ably down-regulation of stem-cell-specific markers, also

occurred during the differentiation of ES cells. There

were also some differences in the patterns of antigens

induced, mostly likely because of the greater diversity

of differentiated cell types that appear during ES cell

differentiation.

 

Materials and methods

 

Cell culture

 

The H7 human ES (hES) cell line, described by Thomson

et al. (1998), was cultured on mouse embryonic fibro-

blast (MEF) feeder cells, mitotically inactivated using

Mitomycin-C, as previously described. However, the

cells were cultured in DMEM-SR medium (Gibco-BRL)

supplemented with 4 ng mL

 

–1

 

 bFGF (Gibco-BRL) and

20% ‘Serum Replacement’ (SR) (Gibco-BRL) instead of

fetal calf serum. Briefly, MEFs isolated from 13-day mouse

embryos (Robertson, 1987) were treated with 10 

 

µ

 

g mL

 

–1

 

mitomycin-C (Sigma Aldrich) for 2.5 h. Subsequently,

the treated cells were washed with PBS, harvested with

trypsin-EDTA and reseeded at 10

 

4

 

 cells per cm

 

2

 

 on gelatin-

treated tissue culture dishes. For passaging, the H7 hES

cells were treated with 1 mg mL

 

–1

 

 Collagenase type IV

(Sigma Aldrich) in DMEM:F12 for 8–10 min at 37 

 

°

 

C and

then detached by scraping using glass beads (Andrews

et al. 1984b), washed by centrifugation, and re-plated

onto inactivated MEFs. In some experiments, H7 hES

cells were plated on tissue culture dishes that had

been pretreated with poly D-lysine and Matrigel

(Becton-Dickinson) in the absence of inactivated MEFs.

Differentiation was induced by adding 10

 

–5

 

 

 

M

 

 all

 

trans

 

-retinoic acid (RA) (Eastman Kodak), 3 m

 

M

 

 hexa-

methylene bisacetamide (HMBA) (Sigma Aldrich), or 1%

dimethylsulphoxide (DMSO) as described by Andrews
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(1984), Andrews et al. (1990) and Andrews et al. (1986),

respectively. Human interferon-

 

γ

 

 (IFN

 

γ

 

) was purchased

from Sigma Aldrich.

NTERA2 cL.D1 human EC cells (Andrews et al. 1984b)

were cultured as previously described and induced to

differentiate by treatment with 10

 

–5

 

 

 

M

 

 all-

 

trans

 

 retinoic

acid (RA) (Eastman Kodak) (Andrews, 1984).

 

Surface antigen expression

 

Cell surface antigen expression was assessed by immuno-

fluorescence detected by flow cytofluorimetry after

harvesting cultures as single cell suspensions using trypsin-

EDTA, as previously described (Andrews et al. 1987a,

1987b; Fenderson et al. 1987). The following monoclonal

antibodies were used to detect surface antigen expres-

sion: MC631, anti-Stage Specific Embryonic Antigen-3

(SSEA3) (Shevinsky et al. 1982), MC813-70, anti-Stage

Specific Embryonic Antigen-4 (SSEA4) (Kannagi et al.

1983), MC480, anti-Stage Specific Embryonic Antigen-1

(SSEA1) (Solter & Knowles, 1978), TRA-1-60 and TRA-1-

81 (Andrews et al. 1984a), TRA-2-54, anti-liver/kidney/

bone alkaline phosphatase (Andrews et al. 1984c), A2B5

(Eisenbarth et al. 1979; Fenderson et al. 1987), ME311

(Thurin et al. 1985; Fenderson et al. 1987), VIN-IS-56

and VIN-2B-22 (Andrews et al. 1990), N901 (Griffin et al.

1983) and anti-Thy1 (McKenzie & Fabre, 1981), W6/32

(Barnstable et al. 1978), BBM1 (Brodsky et al. 1979).

TRA-1-85 (Williams et al. 1988), which detects a pan-

human antigen, was used to monitor contamination

with mouse feeder cells.

 

Results

 

Cultures of H7 hES cells grown on mouse embryo

fibroblast feeders contained many colonies of cells that

closely resembled human EC cells (Fig. 1). If the cells

were plated onto tissue culture dishes precoated with

poly D-lysine and Matrigel, but without MEFs, many of

the cells appeared to differentiate and many colonies

of cells with markedly different morphologies appeared,

although occasional colonies of cells retaining an ES

phenotype persisted. If all-

 

trans

 

-retinoic acid was included

into the cultures, either grown on feeder layers, or after

plating on Matrigel, even more marked differentiation

occurred and a variety of cell types, for example

neurons, glia and muscle cells, could be detected by

immunofluorescence staining with appropriate anti-

bodies (Fig. 2).

We then examined the expression of a panel of anti-

gens previously analysed on human EC cells (Fig. 3). As

anticipated from previous reports, the hES cells from

stock cultures, at the time of reseeding, strongly

expressed the markers that also characterize undiffer-

entiated EC cells, namely SSEA3, SSEA4, TRA-1-60 and

TRA-1-81. They also strongly expressed Thy1, and the

liver/bone/kidney isozyme of alkaline phosphatase

detected by reactivity with antibody TRA-2-54. By con-

trast, they expressed relatively low levels of SSEA1.

These characteristics are typical of the surface antigen

phenotype of human EC cells and distinct in certain

respects from murine EC cells. The proportion of feeder

cells at the time of assay, monitored by reactivity with

Fig. 1 Phase contrast photomicrograph of an 
undifferentiated human ES cell colony. The 
cells resembled human EC cells 
morphologically, forming tight colonies 
composed of cells with high nucleus/cytoplasm 
ratios and containing few prominent nucleoli. 
Scale bar = 50 µm.
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an antibody to a pan-human antigen, TRA-1-85, was

negligible (< 2%) (data not shown).

During subsequent culture, expression of SSEA3, SSEA4,

TRA-1-60, TRA-1-81, TRA-2-54 and Thy1 remained high

when the ES cells were cultured on MEFs in the absence

of retinoic acid. However, these antigens were down-

regulated when the cells were plated on Matrigel in

the absence of MEFs, or when they were cultured in the

presence of retinoic acid, whether on MEFs or on

Matrigel. Such changes are consistent with the differ-

entiation of the cells, as suggested by morphological

examination, and are comparable to changes seen

during the differentiation of human EC cells.

The kinetics of disappearance of these antigens dif-

fered from one another. In particular, SSEA3 dis-

appeared more quickly than SSEA4, a result which we

have consistently found before in the case of differen-

tiating human EC cells (Fenderson et al. 1987). TRA-1-

60 and TRA-1-81 also disappeared rapidly, whereas

TRA-2-54 and Thy1 tended to disappear relatively

slowly. Whether this reflects persistent expression on

a subset of differentiating cells or a slower turnover

of the antigens was not assessed. A further notable

point was that although the EC/ES markers were down-

regulated when the cells were cultured on Matrigel in

the absence of retinoic acid, a significant proportion

of cells that continued expressing these antigens

nevertheless persisted, suggesting that at least during

short-term culture the presence of MEFs is not an

absolute requirement for maintenance of an undiffer-

entiated phenotype.

Differentiation of the NTERA2 EC cell line is marked

by transient up-regulation of SSEA1 and a strong up-

regulation of gangliosides, notably GT3 detected by

A2B5, all consistent with a marked propensity of these

cells to differentiate in a neuroectodermal direction

(Fenderson et al. 1987). In the case of hES cells, the

gangliosides GD3 and GD2 detected by antibodies

VIN-IS-56 and VIN-2PB-22 were also up-regulated when

the cells were cultured either without feeders or after

addition of retinoic acid, but only relatively small

numbers of cells expressed antigens detected by A2B5

(GT3) and ME311 (9-O-acetyl-GD3). In fact the greatest

induction of these antigens appeared to occur without

retinoic acid, when the cells were plated on Matrigel.

SSEA1(+) cells were seen after culture on Matrigel

and, even more after the addition of retinoic acid,

although their numbers subsequently declined. The

antigen detected by antibody N901, CD56, a version

of NCAM, was up-regulated after addition of retinoic

acid and to some extent after culture on Matrigel in

the absence of retinoic acid.

The presence or absence of bFGF in the medium

during differentiation had no significant effect on the

pattern of antigen expression (data not shown).

The class 1 Major Histocompatibility Complex (MHC)

antigens (HLA) are commonly expressed by human EC

cells, in contrast to their absence from murine EC and

Fig. 2 Neurons, glial and muscle cells detected by immunofluorescence with antibodies to neurofilaments (A), GFAP (B) and 
desmin (C) were found in the hES H7 cultures grown in the presence of 10–5 M retinoic acid.
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Fig. 3 Changes in surface antigen expression by hES H7 cells when cultured on MEF feeders or Matrigel, in the presence or 
absence of 10–5 M retinoic acid. For comparison typical antigen expression by NTERA2 EC cells and NTERA2 cells induced to 
differentiate with retinoic acid for 7 days are also shown.
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ES cells (Andrews, 1998). HLA-A, B, C, the class 1 MHC

antigen detected by antibody W6/32, was expressed by

the undifferentiated H7 hES cells (Fig. 3), and some down-

regulation was noted after differentiation induced with

retinoic acid or on Matrigel or indeed on extended

cultures. In human EC cells, HLA is strongly inducible by

IFN

 

γ

 

 without any obvious effects on differentiation,

and is inducible to a higher level after differentiation.

We have now found that the same is true of the H7 hES

cells (Fig. 4). Thus, HLA-A, B, C, detected by W6/32, and

 

β

 

2 microglobulin, detected by antibody BBM1, were

both much more strongly expressed after culture of the

cells for 3 days in the presence of IFN

 

γ

 

. However, con-

siderably stronger expression was noted on cells that

had been pretreated with retinoic acid. The effect was

specific to HLA; the expression of other surface anti-

gens, for example, TRA-2-54 and SSEA4, was not

affected by culture in the presence of IFN

 

γ

 

 suggesting

that there was no effect on the state of differentiation

of the cells.

Although retinoic acid is, perhaps, the most widely

used agent to induce differentiation of EC cells and ES

cells, in both the mouse and human, other agents are

also known to cause undifferentiated pluripotent cells

to differentiate. Notably, HMBA induces differenti-

ation of mouse (Jakob et al. 1978) and human EC cells

(Andrews et al. 1990), while DMSO which induces

differentiation of mouse EC cells (McBurney et al. 1982)

has very little effect on, at least, the NTERA-2 human EC

cell line (Andrews et al. 1986). When H7 hES cells were

cultured in the presence of 1% DMSO or 3 m

 

M

 

 HMBA

(Fig. 5) after plating on Matrigel, without MEFs, signif-

icant differentiation was indicated by changes in antigen

expression. All the antigens characteristic of human EC

and ES cells, SSEA3, SSEA4, TRA-1-60, TRA-1-81, TRA 2–

54 and Thy1, were strongly down-regulated in cultures

exposed to the DMSO and HMBA. Again, SSEA3 dis-

appeared rather more rapidly than SSEA4. At the same

time antigens detected by antibodies A2B5, ME311 and

N901 were also all induced by both DMSO and HMBA.

Indeed, A2B5 reactivity appeared to be induced to a

greater extent by DMSO than by retinoic acid. Neither

agent induced SSEA1 to any significant extent. Thus, as

with EC cells, HMBA and DMSO appear to induce

differentiation along lineages to some extent distinct

from those induced by retinoic acid.

 

Discussion

 

It has not always been evident that EC and ES cells in

humans are related cell types. Although in the labor-

atory mouse EC cells do closely resemble ES cells, and

may be considered their malignant counterparts,

human EC cells differ in many respects from murine EC

and ES cells. Thus the cell surface antigen phenotype of

human EC cells is typically SSEA1(–) but SSEA3(+) and

Fig. 4 The effect of IFNγ on the expression of HLA (HLA-A,B,C and β2 microglobulin) and the antigens (alkaline phosphatase and 
SSEA4) by hES H7 cells. The histograms show the mean fluorescence intensity of cells after staining with antibodies W6/32 (anti 
HLA-A,B,C), BBM1 (anti-β2 microglobulin), TRA-2-54 (anti-liver/bone/kidney alkaline phosphatase) and MCX813-70 (anti-SSEA4); 
the percentage of cells fluorescing is indicated above each bar.
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Fig. 5 Surface antigen expression by hES. H7 cells were cultured on Matrigel in the presence, or absence, of 3 mM HMBA or 1% 
(v/v) DMSO.
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SSEA4(+), differing from that of murine EC cells, which

are typically SSEA1(+) but SSEA3(–) and SSEA4(–)

(Andrews, 1998). A further difference is the definite

but low level expression of the class 1 MHC antigens by

human EC cells, but not by mouse EC cells (Andrews

et al. 1981, 1982, 1984b, 1996). Because of these differ-

ences from mouse EC and ES cells it was unclear

whether human ES cells derived from human embryos

would prove distinct from human EC cells from terato-

carcinomas, or whether human ES and EC cells would

resemble one another, so that the differences from the

mouse would represent differences between the

embryos of the two species.

Recent reports, as well as the present study, confirm

the similarity of human EC and ES cells, and the exist-

ence of differences between comparable cells of humans

and mice. Thus, human EC and ES cells are both charac-

terized by their expression of SSEA3, SSEA4, TRA-1-60,

TRA-1-81 antigens, as well as the liver/bone/kidney isozyme

of alkaline phosphatase (detected by TRA-2-54) and

human Thy1 antigen. We have now also demonstrated

that these antigens are down-regulated during the

differentiation of human ES cells, and that several anti-

gens induced during the differentiation of human EC

cells are also induced during the differentiation of ES cells.

On the other hand, there are some differences. Whereas

several gangliosides are induced during differentiation

of human ES cells as detected by antibodies VIN-15-56

and VIN-2PB-22 (GD3 and GD2), other ganglioside

antigens that are strongly expressed during NTERA2

human EC differentiation, GT3 detecting A2B5 and 9-

O-acetyl-GD3 detecting ME311, were only induced to

relatively low levels. Most likely, this reflects rather more

heterogeneity within the differentiating human ES

cultures. The marked ganglioside expression is most likely

particularly associated with neuroectodermal differen-

tiation which occurs in both hES and NTERA2 cultures.

However, whereas the hES cells clearly generate muscle

and mesodermal derivatives, there is no evidence that

NTERA2 is capable of mesodermal differentiation

(Gokhale et al. 2000)

The expression of HLA by the human ES cells and its

tendency for slight down-regulation upon differenti-

ation is another feature that they share in common with

human EC cells. In both cases HLA is strongly induced by

IFN

 

γ

 

 while amongst the differentiated cultures, the

induction of HLA by IFN

 

γ

 

 is considerably greater than in

the undifferentiated cells. Indeed, IFN

 

γ

 

 can also induce

the expression of MHC antigens in some mouse EC cells,

even though expression is generally not detectable in

the absence of this inducer. In both murine and human

EC cells it has been shown that these cells only exhibit

a partial response to IFN

 

γ

 

 without a fully fledged anti-

viral response (Andrews et al. 1987).

Surface antigen markers provide invaluable tools for

monitoring the progress of differentiation and isolate

subsets of cells to explore their functions and capacity

for further differentiation. Many of the antigens we

have studied are associated with carbohydrate epitopes,

some linked with glycolipids (e.g. the SSEA series), some

with glycoproteins (TRA-1-60 and TRA-1-81). Others are

associated with protein epitopes, notably TRA-2-54

(alkaline phosphatase), Thy1 and N901 (NCAM, CD56).

The function of the carbohydrate antigens is particu-

larly uncertain in the light of differences in expression

between corresponding human and mouse cells. Despite

the lack of a clear function for the carbohydrate antigens,

a considerable number of genes are devoted to encod-

ing glycosyltransferases, and the expression of these

antigens during embryogenesis and cell differentiation

is very carefully controlled. It has been suggested that

the core structures of these carbohydrates, rather than

the terminal structures commonly recognized as epitopes

by the various antibodies used in these studies, are the

key molecules to affect cell behaviour (Fenderson et al.

1987). Although there are differences in expression of

SSEA1, SSEA3 and SSEA4 between mouse and human,

globoseries structures are a common feature of these

cells in both species: although murine EC cells do not

express SSEA3 and SSEA4 they do strongly express the

Forsman antigen, another globoseries structure that is

absent from human cells (Willison et al. 1982). Some

carbohydrate antigens, however, have been shown to

have a function. For example, the Lewis-X (Le

 

x

 

) structure

recognized as SSEA1 (Gooi et al. 1981) may be involved

in compaction at the morula stage of mouse embryo

development (Bird & Kimber, 1984; Fenderson et al.

1984). A role for the carbohydrate structures has also

been postulated in axon guidance in the developing

nervous system (Dodd & Jessell, 1986), and we previously

proposed that the ability of cytomegalovirus to

induce inappropriate expression of SSEA1 might

provide a partial explanation for its ability to disrupt

neural development in infected fetuses (Andrews et al.

1989).

Our present study highlights both similarities and

differences between EC and ES cells, from humans, and

between these cell types in humans and mice. EC cells

 

JOA_030.fm  Page 256  Tuesday, March 26, 2002  4:46 PM



 

Human ES cell antigens, J. S. Draper et al.

© Anatomical Society of Great Britain and Ireland 2002

 

257

 

are caricatures of ES cells, adapted for tumour growth,

and indeed many human EC cells do not differentiate

significantly, presumably reflecting the selective advant-

age of accumulated mutations that interfere with

differentiation (Andrews & Goodfellow, 1980; Duran

et al. 2001). Nevertheless, the similarities of differenti-

ation demonstrated by surface antigen changes between

human EC cells that do differentiate, like NTERA-2, and

hES cells is notable. The patterns induced by RA and

HMBA are comparable, even if DMSO does not seem to

be an effective inducer of the EC cells. It is also notable

that neuroectoderm differentiation is a common feature

of EC and hES differentiation, even though the hES cells

evidently generate a greater diversity of cell types.

Therefore, while it is clear that studies of hES cells can

provide insights into the process of development in a

way pertinent to human embryogenesis, human EC

cells can in some circumstances provide convenient

surrogates, lessons from which can be applied to

understanding ES cell biology.
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